Accumulating evidence from different animal models has contributed to the understanding of the bidirectional comorbidity associations between the epileptic condition and behavioral abnormalities. A strain of animals inbred to enhance seizure predisposition to high-intensity sound stimulation, the Wistar audiogenic rat (WAR), underwent several behavioral tests: forced swim test (FST), open-field test (OFT), sucrose preference test (SPT), elevated plus maze (EPM), social preference (SP), marble burying test (MBT), inhibitory avoidance (IAT), and two-way active avoidance (TWAA). The choice of tests aimed to investigate the correlation between underlying circuits believed to be participating in both WAR's innate susceptibility to sound-triggered seizures and the neurobiological substrates associated with test performance. Comparing WAR with its Wistar counterpart (i.e., resistant to audiogenic seizures) showed that WARs present behavioral despair traits (e.g., increased FST immobility) but no evidence of anhedonic behavior (e.g., increased sucrose consumption in SPT) or social impairment (e.g., no difference regarding juvenile exploration in SP). In addition, tests suggested that WARs are unable to properly evaluate degrees of aversiveness (e.g., performance on OFT, EPM, MBT, IAT, and TWAA). The particularities of the WAR model opens new venues to further untangle the neurobiology underlying the co-morbidity of behavioral disorders and epilepsy.
Epilepsy is a neural disorder characterized by seizure predisposition associated with sustained brain abnormalities, either restricted or diffused [1, 2] . Animal models for several epileptic conditions or convulsive disorders have been proposed in an attempt to mimic, if only partially, the myriad of causes, signs, and symptoms of human epilepsy. One such example, the Wistar audiogenic rat (WAR), comprises an audiogenic reflex epilepsy animal model obtained by inbreeding, from Wistar breeding stocks, of seizure-susceptible rats to high-intensity acoustic stimuli. As a consequence, sporadically presenting high-intensity acoustic stimuli to WARs triggers brainstem circuitry-dependent generalized tonic-clonic seizures [3] [4] [5] [6] [7] [8] . When repeatedly stimulated (audiogenic kindling) [4, 9, 10] , WARs become a two-in-one model as epileptogenic neural substrates gradually compromise, through on-demand seizures, more rostral prosencephalic structures [4, 8, 11] . Thus, depending on the hypothesis being tested, such particularities of WARs may work to the experimenter's advantage, when compared with other models that have spontaneously recurrent seizures, which are undoubtedly closer to human epilepsy. This work aimed to explore the bidirectional comorbidity associations between genetic seizure susceptibility and behavioral abnormalities before seizure occurrence interferes by inducing dynamic neuroplastic changes to underlying circuits. In fact, most studies in patients and rodents found throughout literature do not make this distinction [12] [13] [14] [15] [16] .
The WARs are inherently prone to have seizures, as evidenced by their lower threshold to proconvulsant electrical stimulation [17] or pharmacological stimulation [18] , such as pilocarpine and pentylenetetrazole. In addition, WARs and other audiogenic strains show abnormalities in neurochemical systems and anatomical structures that have also been suggested to modulate emotional, social, motivational, and mnemonic aspects of behavior. The WARs show evidence for altered cholinergic and GABAergic systems when compared with Wistar controls [19, 20] .
Moreover, WARs also have a hyperresponsive hypothalamic circuitry which leads to high activity of the posterior [21] and anterior [22] pituitary. The latter neuroendocrine circuitry is known to play a crucial role in emotional behavior [23] , epilepsy [24, 25] , and depression [26] . Altogether, these inherited traits may account for interictal mood and emotional behavioral abnormalities that may partially model human epilepsy. In fact, it has long been observed that patients often present interictal cognitive deficits, e.g., memory impairment [27] [28] [29] [30] , as well as mood and anxiety disorders [31] [32] [33] [34] [35] . As an example, the prevalence of depression among people with recurrent seizures ranges from 20% to 80% (for review see [36] ) with consistently negative impact in healthrelated quality of life [32] .
In summary, the use of a genetically prone animal model of ondemand seizure elicitation may contribute to the understanding of the underlying neuronal mechanisms shared by epilepsies, mood disorders, and learning and memory impairments.
Materials and methods

Animals
The present work was conducted on male Wistar rats from the main breeding stock of the Institute of Biological Sciences (ICB) of the Federal University of Minas Gerais (UFMG) and male Wistar audiogenic rats (WARs) from an inbred colony maintained at the Department of Physiology and Biophysics-ICB-UFMG, weighing between 250 and 310 g. Five animals were housed per cage on a 14/10-hour light-dark cycle (lights on at 06:00 h), with room temperature at 22 ± 1°C, and with food and water ad libitum. Different groups of animals were used in each experiment. Efforts were made to avoid any unnecessary distress to the animals, in accordance with the Federal University of Minas Gerais Guidelines for Animal Experimentation. All protocols used were approved by the ethics committee on animal testing of this institution (Protocol Nos: 141/10 and 151/06).
Audiogenic susceptibility of WAR was confirmed through a screening test that consisted of three presentations of the audiogenic stimulus (a school bell recorded on a compact disk at 120 dB SPL) once every other day, for 60 s or until the onset of the tonic seizure. Seizure severity was evaluated using a sequential behavioral severity index (SI) scale, as follows: no seizure (SI = 0.0), one running episode (SI = 0.11), one wild running (with jumping and atonic falling-SI = 0.23), two wild running episodes (SI = 0.38), tonic convulsion (SI = 0.61), clonic convulsions (SI = 0.85), ventral flexion of the head (SI = 0.90), forelimb extensions (SI = 0.95), and hindlimb extensions (SI = 1.0) [8, 37] . Only WARs that demonstrated a seizure-prone behavior (severity seizure index superior to 0.23) at least in one of the three screening tests were used. Before all procedures, the animals were acclimated to the experiment room for 30 min. All experiments were conducted in the same well-lit room and under a constant white noise condition (55 dB SPL).
Sucrose preference
This test consists of a paradigm in which the choice for water or sucrose consumption is measured in order to evaluate the behavioral expression of anhedonia [38, 39] . The animals (9 Wistar rats and 7 WARs) were isolated and habituated to drink from two bottles on the day before test. The animals were then exposed to sucrose (1%) and water for 48 h, when the final measurement as a total liquid consumed was performed. The preference for sucrose index, which ranges from 0 to 100% (sucrose intake divided by the sum of total water plus sucrose consumption: [sucrose/(sucrose + water)]), was used as a measure for the sensitivity to reward. The statistical measurement was performed by Student's t-test.
Social preference
The modified sociability test from Crawley et al. has been successfully employed to study social affiliation in rodents [40] . The main principle of this test is based on the free choice of the animal in exploring a new object and a new juvenile animal. The social behavior apparatus was adapted from previous studies [40, 41] . The device used was a rectangular acrylic box (100 × 100 cm). The animal (13 Wistar rats and 11 WARs) was placed in the center of the apparatus and allowed to explore the novel environment containing an empty cylinder for 5 min. After the time for habituation, the animal was removed from the apparatus, it was cleaned with a 70% alcohol solution, an object was placed in one of the corners of the apparatus, and the juvenile rat (male-21 days old) was placed within a transparent acrylic cylinder (10-centimeter diameter-60 evenly spaced holes) in another corner of the apparatus. The animal was then returned to the center of the apparatus and allowed to explore freely for 10 min. The sessions were video recorded with a digital camera linked to a computer in an adjacent room. The recordings were analyzed by a welltrained researcher using X-PLO-RAT (version 3.3), an ethological analysis software package developed at the Laboratory of Exploratory Behavior USP/Ribeirao Preto [42] . The total time of exploratory behavior (nose touching the object or the juvenile container) was measured. The sociability index was calculated using: [juvenile exploration time/(object exploration time + juvenile exploration time)]. Through this mathematical transformation, it was possible to compare the social behavior in the different groups by analyzing the index, which ranges from 0 to 100%. The statistical analysis was performed by the Student's t-test.
Open-field
The open-field test was conducted in a black circular arena (diameter: 1.0 m) enclosed by a 40-centimeter high wall under uniform illumination. Each rat (13 Wistar rats and 8 WARs) was allowed to freely explore the arena for 10 min. The whole experiment was recorded on VHS, digitalized, and processed offline by an automated homemade position detector. The open-field arena was divided in three circular areas: inner, inter, and outer as a gradient of aversiveness. The results are expressed as mean ± SEM for each circular area, and the analyses were performed by two-way ANOVA and Bonferroni's post hoc test in order to determine statistical significance. Distance crossed, number of visits, and time spent in each circular area on each visit were the variables measured by the automated position detector. Number of grooming and rearing episodes were also counted by a well-trained researcher who is blinded to the study.
Elevated plus maze
The elevated plus maze (EPM) consists of a device with two opposite open arms (50 × 10 cm) and two closed arms (50 × 10 cm), also opposing, elevated 45 cm from floor level, and a central platform (10 × 10 cm) [43] . The animals (6 Wistar rats and 5 WARs) were placed individually in the center of LCE with the head turned to one of the closed arms, and their behavior was evaluated for 5 min. Each trial was video recorded by digital camera linked to a computer in an adjacent room. The recordings were analyzed offline by a highly-trained researcher using X-PLO-RAT (version 3.3). The behavioral parameters evaluated in this test were the number of entries and length of stay of the animal in the open arms, closed arms, and center area of the equipment. The results are expressed as mean ± SEM for each area, and the analyses were performed by two-way ANOVA and Bonferroni's post hoc test in order to determine statistical significance.
Marble burying
This test is based on the trend of laboratory animals to hide potentially aversive objects [44] . Anxiolytic and antidepressant drugs reduce or suppress this behavior [45] . Animals (9 Wistar rats and 9 WARs) were placed in Plexiglas boxes containing sawdust and 16 glass marbles randomly distributed across the surface. After 5 min, the number of balls hidden (minimum 2/3 their depth) by the animal was quantified. The statistical measurement was performed by Student's t-test.
Forced swim test
This test assesses the response from a rodent to a drowning threat when exposed to an inescapable stress situation. The animals (15 Wistar rats and 13 WARs) were tested twice, during which they were forced to swim in an acrylic cylinder (50-centimeter height and 30-centimeter diameter) filled with water (28°C), and from which they could not escape. The first trial, for habituating the animal to the protocol, lasted 15 min. Then after 24 h, a second test was performed lasting 5 min. The time spent by the animals at swimming, climbing, and immobility behavior was measured and statistically analyzed by two-way ANOVA and Bonferroni's post hoc test. The latency to first episode of immobility was also quantified.
Step-down inhibitory avoidance
The test was performed in a transparent acrylic box (50 × 25 ×25 cm) whose floor was a grill of metal bars 0.5 cm thick with 1.0-centimeter spacing. A wooden platform (25 × 10 × 5 cm) was positioned at the leftmost extreme of the box. There was no habituation to the task apparatus before the behavioral procedure. All rats were acclimatized to the experiment room for 1 h for three days before the experiment day. Animals (5 Wistar rats and 6 WARs) were gently put on the platform to evaluate the step-down latency on the acquisition trial (maximum of 40 s) and on the two memory tests (maximum of 600 s) performed 1.5 and 24 h after training. When the animal stepped down the platform placing its four paws on the metal grid, a 0.8-milliampere, 2-second scrambled footshock was delivered, after which the rat was immediately removed from the box. No shock was administered to the rat during the two memory tests. The latency to step down was used as the behavioral measure of aversive memory retention. Data were analyzed using the two-way ANOVA and Bonferroni's post hoc test.
Two-way active avoidance
The two-way active avoidance test was performed by another eight (n = 8) Wistar rats and nine (n = 9) WARs in the same transparent acrylic box used for step-down inhibitory avoidance with the wooden platform removed. An opaque barrier was placed at the center of the box, parallel to and 1.5 cm above the bars in order to differentiate both sides of the shuttle box. All rats were acclimatized to the experiment room for 1 h for three days before the experiment day. Each rat was habituated for 5 min to the apparatus on each of the two days before and on the first day of the experiment, immediately previous to the first training session. On the second day of the experiment, rats were submitted to a second training session with a 60-second habituation period. A training session consisted of 50 trials that started when the rat's body was completely on one side of the box. On each trial, rats received the conditioning stimulus (4 kHz, 80 dB SPL tone presented for 25 s or until the animal crossed to the opposite side of the box), and five seconds after the beginning of the CS, rats received the unconditioned stimulus (0.8-milliampere scrambled footshock delivered for 20 s or until the animal crossed to the opposite side of the apparatus). The tone used for conditioning had a sound intensity of at least 25 dB SPL below seizure threshold levels. Thus, it is important to highlight that the animals did not present any seizure-like behavior during the TWAA test. The intertrial intervals varied randomly between 14 and 26 s. A correct avoidance response was counted when the rat crossed to the opposite side of the box during the first 5 s of the presentation of the auditory CS, without receiving the foot shock. The number of avoidance responses in consecutive blocks of ten trials was taken as the behavioral measure of learning and memory. To compare the number of avoidance reactions between groups, the two-way ANOVA and Bonferroni's post hoc test were used.
Results
The forced swim test revealed distinct behavior patterns regarding WAR and Wistar controls. Both strains remained for a similar percentage of time at swimming behavior (Fig. 1A) , showing that WARs have no motor system impairment. Nevertheless, WARs presented lower climbing (Fig. 1A) and longer immobility behaviors (Fig. 1A) . Furthermore, WARs' latency to immobility was significantly shorter than resistant rats (Fig. 1B) . In the assessment of anhedonia, a greater preference for sucrose by WARs compared with Wistar rats after 48 h was observed (Fig. 1C) . In relation to total fluid intake, an increase in the amount of sucrose ingested by WARs (Fig. 1D ) and no significant difference in water consumption compared with resistant rats was observed.
In the open field, although both strains remained in the inner circle for the same amount of time (highest aversiveness), WARs spent significantly more time in the inter circle and less in the outer one compared with resistant rats (referring here and throughout the paper as the Wistar rats that are resistant to audiogenic seizures) ( Fig. 2A) [56] . Regarding the number of entries in each of the areas (Fig. 2B) , an increase in the number of entries in the intermediate area for WAR compared with controls was observed. Despite this fact, the distance crossed by both strains in the circle areas was similar (Fig. 2C ) which suggests that WAR had no limitation in their motor system. No significant difference was noted regarding the number of rearing episodes (p = 0.25-Student's t-test) and grooming (p = 0.74-Student's t-test) expressed during the 600 s of open-field test (Fig. 2D) . In the elevated plus maze test, susceptible animals spent more time in the central area and less time in the closed arms compared with controls, with no significant difference regarding the open arms (Fig. 2E) . As for the number of entries, WARs significantly approached only the central area more frequently compared with resistant rats, and no difference regarding the remaining areas was noted (Fig. 2F) . In the marble burying test, WARs buried significantly less marbles compared with controls (Fig. 2G) .
The social preference test revealed a significantly higher preference of WARs for the juvenile cospecific than for the object, compared with Wistar controls (Fig. 3A) . In fact, WAR animals showed an important decrease in object exploration compared with resistant rats with no statistical difference regarding juvenile exploratory behavior (Fig. 3B) .
The aversive memory tests were performed by two different paradigms, inhibitory and active avoidance. In the former (Fig. 4A) , WARs demonstrated significantly higher latencies to step down the platform than resistant rats (1.5 and 24 h after training). It is important to highlight that only one WAR animal stepped down at the 1.5 h test. Nevertheless, WARs demonstrated a significantly inferior performance at the two-way active avoidance test (Fig. 4B ) compared with controls. The conditioned avoidance responses performed by each animal in 10 blocks of 10 trials are shown in Fig. 4B . The resistant animals demonstrated significantly better performance compared with WARs in the majority blocks (except the 2 and 6 blocks). In the second training session, although not significantly different from the first day, the rats demonstrated an improvement of corrected responses, especially in the seventh block, suggesting a positive effect on the long-term memory learning. The WARs, in turn, showed no improvement in performance from the first to the second day.
Discussion
This work employed a series of behavioral tests in order to investigate possible common underlying mechanisms between WAR seizure susceptibility and traits regarding mood disorders and learning and memory impairments. Results suggest that circuits involved in the emergence of emotional and cognitive behaviors [46] may correlate with the dysfunctional known epileptogenic circuits from WAR's inherited genetic susceptibility. Although the WARs showed behavioral abnormalities that clearly correlate with depressive-like symptoms, e.g., increased despair response, results also show some apparently paradoxical behavioral traits that do not mimic the psychiatric comorbidities found in human epilepsy. Before discussing each finding in more detail, some considerations must be made regarding the "classical" animal tests used in order to correlate with human psychiatric disorders. First, some behavioral tests might be unsuitable for evaluating animals subject to the particular "brain-state" imposed by the epileptic condition. Second, depending on the particular animal model of epilepsy, a progressive evolution of the epileptic condition may gradually compromise different brain circuitries that, even though not necessarily affecting the behavioral manifestation of the seizure itself during ictus, may have a profound effect on proper brain function during interictal behaviors. And third, the fact that a specific animal model of epilepsy lacks the perfect parallelism with cardinal expressions of human depression (e.g., anhedonia, despair, and anxiety) does not necessarily imply that the model is an invalid tool for epileptology. In fact, the differences regarding the neural substrates recruited during the epileptogenic process among the various animal models is a very insightful way to address compromised circuitry during interictal behavioral challenges.
The shorter latency for immobility found in the FST (Fig. 1A) indicates increased behavior despair or lower threshold to evaluate a helplessness situation, since the animal is submitted to a no-escape paradigm [47] . The apparent paradox between these findings and the prohedonic results from the SPT (Fig. 1C-D) may be explained by the fact that these two behavioral traits, although forming the pillars of depressive-like behavior, do not necessarily share common neural substrates. Lim et al. [48] demonstrated that blocking MC4R synaptic mediated changes in the nucleus accumbens prevents the behavioral manifestation of anhedonia without significant changes to FST immobility measurements. The acute audiogenic seizure of WARs is mediated by the brainstem, i.e., primarily mesencephalic [3] but also recruits hypothalamic circuitry [21] , only progressing to more rostral prosencephalic structures after audiogenic kindling (AK). In fact, different animal models of epilepsy have been shown to present one trait without the other, and vice versa (for review see [49] ). In addition, studies designed to evaluate how developmental and social factors may influence affective disorders have shown, through Factor Cluster analysis [50] , that behavioral markers may display competing regression coefficients extracted from forced swim test (FST), sucrose preference test (SPT), and open-field test (OFT). Sáenz et al. [50] suggest that increased immobility in FST correlate with increased sucrose preference in the SPT in order to better predict behavioral despair traits from animals subject to different environmental/social conditions. The idea of competing behaviors is also evident in the AK, where WAR's brainstem severity index [51] and a limbic index [52] respectively decrease and increase throughout seizure repetition [53] . The apparent linear expression of a simple bidirectional negative feedback network is certainly an oversimplification, as evidence suggests that continuing the AK paradigm eventually results in a bidirectional positive feedback between the midbrain and forebrain structures. The apparent initial "endogenous anti-epileptic" mechanism, that later becomes part of a different integrated epileptogenic circuit, may share common network architectural principles with the FST and SPT underlying neuronal circuitry, especially if evidence from ongoing studies shows that SPT performance of WARs reverses after AK. In other words, circuits involved in the behavioral despair and hedonic responses might also reflect the midbrain nature of the acute audiogenic seizure of WARs, which as argued before, could change during AK. Furthermore, considering that hippocampal lesions have been shown to reduce burying behavior [54] and that WARs performed poorly in the MBT, behavioral data further correlate with the initial brainstem nature of the WAR seizure. Altogether, these considerations highlight a possible advantageous aspect of using a model where seizures can be triggered repeatedly on demand, since such a model would make it easier to investigate the contribution of both genetic susceptibility and seizure occurrence factors in the development of behavioral abnormalities, in spite of the contrast to the obvious clinical disparity of not presenting spontaneous seizures. The marble burying test is also a measure of anxiety. According to MBT results, WARs could be considered less anxious than resistant rats. But the EPM and OFT results were not conclusive, despite showing a tendency of nonkindled WARs being less anxious than resistant animals. The WARs spent significantly less time on the margins of the arena than resistant controls, spending more time on inner sections, i.e., more aversive areas of the arena. Indeed, susceptible animals not only spent more time, but also approached the intermediate area circle significantly more often than resistant rats. In the EPM, WARs visited more often and stayed longer in the central area ( Fig. 2A and B) . Traditionally, permanence in the central area of the elevated plus maze is considered an ambiguous measure [55] . The ambiguity of the central area can, on the other hand, be considered an important context contingency of the EPM paradigm, possibly uncovering a decision-making issue regarding the strain, for it is a region where, in comparison with the closed arms, the animal becomes more exposed to a potential threat. [57] , it has been shown that hippocampal lesions increase open arm and central area permanence in the EPM and OFT, respectively [58] . Thus, despite not significantly staying longer or approaching the inner circle of the OFT or the open arms of the EPM test more often, the results of these tasks show a tendency of WARs being less anxious than resistant animals when presented with situations of mild aversiveness, which is congruent with the marble burying results.
The prompt interpretation of the much better performance of WARs in the IAT (Fig. 4A) , i.e., having better cognitive/memory performance, must be considered with caution in light of the previous findings regarding the enhanced despair behavioral traits of WARs. In fact, that was the purpose of complementing memory evaluation testing using the TWAA protocol (Fig. 4B) . The step-down inhibitory avoidance test is an ambiguous test in the sense that performance, i.e., expression of inhibitory behavior, does not necessarily result only from learning and memory of the instrumental contingency, being also affected by Pavlovian fear memory expression dependent on subcortical circuits [59] [60] [61] . Therefore, the inhibitory avoidance test may suffer interference from mood disorders associated with potentiated fear to inescapable situations. The learning and memory deficits of WARs in the twoway active avoidance, which is an instrumental paradigm highly dependent on cortical and temporal processing [62] [63] [64] , are more congruent with the mnemonic impairments observed in patients with TLE. Thus, by contrasting the paradoxical performance results in both learning and memory tests (i.e., IAT and TWAA), the inherited low threshold for evaluating helplessness situations (as depicted in the FST) might be interfering with the experimental memory evaluation of WARs. In summary, although the IAT and TWAA tests analyzed together may suggest that WARs are unable to properly evaluate degrees of aversiveness within environmental or experimental contingencies, results regarding cognitive impairment are most likely compromised. The WAR's abnormal capacity to evaluate aversive contingencies is further corroborated by the results from the MBT (Fig. 2G) . The marble burying test was designed to evaluate obsessive-compulsive behavior, anxiety (as observed by the referee), and neophobia (fear of new things). It has been suggested that this kind of behavior is probably associated with the defensive burying typically found in rodents. The fact that marbles modified to have specific aversive characteristics (e.g., coated with aversive substances or electrified) are buried more than innocuous ones (i.e., defensive behavior) reinforces the hypothesis that WARs do not properly evaluate "mild" aversive stimuli.
In summary, nonkindled WARs present a complex mosaic of abnormal interictal behaviors apparently related to a compromised ability to evaluate emotional contingencies with different degrees of aversiveness, especially inescapable situations, either not properly recognizing or over interpreting current aversiveness. These interictal behavioral alterations, given that rats were not submitted to any seizure inducing chronic protocol, are related to WARs' proneness to seizure and compensatory mechanisms, shedding light on the relation between epilepsy and psychiatric and cognitive comorbidities.
